The sorbitol conversion in a molten salt hydrate medium (ZnCl 2 ; 70 wt% in water) was studied.
Introduction
Conversion of biomass is attracting a lot of attention from the academic and the industrial fields.
1,2 Lignocellulosic biomass, so-called 2nd generation biomass, is abundantly present and in many cases it does not compete with the food chain. Lignocellulosic biomass is refractory towards moderate (temperature) chemical conversion. Previously we have reported a general route for converting cellulose to isosorbide in a molten salt hydrate medium (ZnCl 2 70 wt% in water). 3 In this type of medium, accessibility of cellulose is good and further dissolution and depolymerization/hydrolysis of cellulose take place at relatively high rates. When lignocellulosic biomass is used as feedstock, the molten salt hydrate medium also works well. It has been demonstrated that sequential hydrolysis, hydrogenation and dehydration reactions in the medium (''in situ'') are accomplished, resulting in relatively easy separation of isosorbide, because of the reduced polarity of the product. 4 Through simultaneous hydrolysis and hydrogenation, we are able to obtain full conversion of cellulose, and essentially >95% selectivity to sorbitol is achieved in the molten salt hydrate medium. 5 Further dehydration of sorbitol into sorbitan and isosorbide can take place in the same medium, as shown in Fig. 1 .
Three 1,4:3,6-dianhydrohexitol (isosorbide, isomannide, and isoidide) structures exist, 6 as shown in Fig. 2 .
1,4:3,6-Dianhydrohexitols have attracted a lot of attention, especially isosorbide. Isosorbide is an attractive platform molecule; it is a sustainable diol with a melting temperature of 61-62 1C and high thermal stability of up to 270 1C. Isosorbide and its derivatives possess high potential values in industrial applications, such as application in medicine, in synthetic chemistry, [7] [8] [9] [10] [11] as sustainable solvents; 12 as building blocks for poly-esters. 13 Reviews on the use of A selection of literature on catalytic dehydration of sorbitol (hexitol) can be found in Table 1 . The dehydration of hexoses is more cumbersome than that of hexitols, since the reactivity of hexoses is higher and they are more prone to degradation. A good overview of the dehydration of hexoses has been provided by Zakrzewska et al. ). Table 1 can be divided into three groups according to the phases of catalysts and reactants. It is generally agreed that sorbitol dehydration into isosorbide takes place through the intermediates 1,4-and 3,6-mono-anhydrosorbitols, whereas the commonly observed isomers 1,5-and 2,5-mono-anhydrohexitols are stable under the reaction conditions.
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The classic way of catalytic dehydration of sorbitol is based on aqueous mineral acid catalysts, as shown in the first group in Table 1 3 ) mainly lead to the 1,4-monoanhydrosorbitol and are not efficient for the second step of dehydration to produce isosorbide. To avoid the drawbacks of using strong mineral acids, i.e. environmental problems, corrosion, etc., some researchers focus on the study of using solid acid catalysts such as H-zeolites (3 Å zeolites), ion-exchange resins (Amberlyst), anhydrous pyridinium chloride, and bimetallic catalysts (Cu-Pt, RANEY s copper, acid promoted Pt), as shown in the second and the third groups in Table 1 . When solid acid catalysts are used, the fed sorbitol can be solid (second group, sorbitol melting point is 95 1C) or in an aqueous solution (third group).
The main advantage of solid acid catalysts is the easy product/catalyst separation. However, most solid acid catalysts exhibit a low activity resulting in long reaction times and/or high reaction temperatures. In addition, the yields are limited. Due to the low activity and poor selectivity of classic solid acid catalysts, the development of more efficient solid acid catalysts has been tried, for instance, metal sulfates and phosphates because of their large number of moderate strength acidic sites.
From Table 1 , it is clear that solid acid catalysts generally do not result in satisfactory yields of isosorbide.
Compared to concentrated strong mineral acids some molten salt hydrates are more attractive, because they are more active and cause less corrosion. Our previous work 3 briefly introduced the strategy of converting cellulose into isosorbide using molten ZnCl 2 hydrate as the solvent and catalyst. In this paper we will report in detail the step of converting sorbitol into isosorbide by dehydration reactions. It was found in our previous work 3, 4 that CuCl 2 or NiCl 2 as a co-catalyst increased the dehydration activity and the isosorbide selectivity. However, considering our whole process, especially the solvent recycle, avoiding of co-catalysts is preferred. Therefore, in this paper, we will discuss the sorbitol dehydration reaction in a molten ZnCl 2 hydrate medium without using any co-catalysts. The objective of this work is to study the selective dehydration of sorbitol into isosorbide in a molten salt hydrate medium, to investigate the reaction pathway and to study and optimize the process to obtain as high isosorbide yield as possible.
,5-anhydromannitol, isosorbide (Z98%) and isomannide (Z95%) were purchased from Sigma-Aldrich.
Methods
A transparent 70 wt% ZnCl 2 in water solution was prepared prior to use. Sorbitol was added to the solution (the weight ratio of sorbitol to ZnCl 2 solution is 1 : 12), under continuous stirring until the system became a transparent solution again and was added to the reactor.
Sorbitol dehydration experiments were carried out in a batch titanium autoclave (Premex). The batch reactor, equipped with a magnetic stirrer, has a volume of 500 mL.
After adding sorbitol solution the reactor was flushed and pressurized until 30 bar with N 2 , then stirring (1500 rpm), and heating was switched on. This time was assigned as t = 0. Depending on the set temperature (range of 150 to 220 1C was studied), it took 30 to 60 minutes to reach the reaction temperature.
Samples were taken at selected reaction times. They were diluted with water and solid products, if present, were separated by filtration. The liquid phase was analyzed by a HPLC, equipped with a Refractive Index (RI) detector and a Phenomenex Rezex RCM-monosaccharide column (8%; Ca 2+ , 300 Â 7.80 mm) at 80 1C with degassed demi water as eluent. An example of a HPLC pattern used for calibration of chemicals involved is shown in Fig. 3 . The peaks (ZnCl 2 , sorbitol, 2,5-anhydromannitol, 1,5-anhydrosorbitol, 1,4-and 3,6-anhydrosorbitol, isosorbide, galactitol) in the figure correspond to reactants and products present in the system (70 wt% ZnCl 2 600 g, sorbitol 50 g, T = 180 1C, 240 min). The other lines are based on separate injection of 1,5-anhydromannitol, isomannide, D-allitol, D-talitol, D-mannitol, and L-iditol. The conversion and selectivity were determined by individual calibrations and the mass balance was closed by quantifying unknowns with an average response factor. 
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Results
Typical HPLC analysis results
A typical set of HPLC patterns of sorbitol conversion in ZnCl 2 molten salt hydrate medium (at 180 1C) is given in Fig. 4 . The results show that the sorbitol peak decreases with prolonged reaction time. Sorbitol is mainly converted into 1,4-and 3,6-anhydrosorbitols, and a small amount of 1,5-and 2,5-anhydrides (from HPLC calibration results, they are assigned as 1,5-anhydrosorbitol and 2,5-anhydromannitol, see Fig. 3 ) is detected. Some isosorbides have been formed through dehydration of 1,4-and 3,6-anhydrosorbitols. Traces of galactitol are observed; the amounts increase with time.
Product distribution as a function of reaction time and temperature
In sugar chemistry the selectivity is more important than the activity because the molecules are very reactive and prone to degradation reactions. Therefore, a careful analysis was made from the product chromatograms at different temperatures. Fig. 5-7 give a selection of the results.
At 180 1C the main products are 1,4-and 3,6-anhydrosorbitols and small amounts of 1,5-and 2,5-anhydrides are visible; the yield of isosorbide is clearly noticeable, see Fig. 5 . It is striking that the amount of 1,5-and 2,5-anhydrides shows a plateau, less than 3% is formed after 300 minutes reaction. Small amounts of galactitol up to 6% were detected.
At 200 1C isosorbide is the main product and 1,4-and 3,6-anhydrosorbitols show a maximum. Increasing (small) amounts of 1,5-and 2,5-anhydrides are visible, see Fig. 6 . From a molar balance it can be calculated that after 270 minutes of reaction a small amount of ''unknown'' has been formed (around 6% yield). With prolonged reaction time (not shown in the figure) for which the 1,4-and 3,6-anhydrosorbitols were completely converted, the isosorbide yield is over 85% on a molar basis. The galactitol yield as a function of time on stream reaching a maximum of up to 5% was observed.
In order to find the optimal temperature and to get a good understanding of the degradation reactions, experiments were performed at higher temperature. At 220 1C (Fig. 7) isosorbide is formed at a high rate, after 90 minutes the yield of isosorbide is 69%. At longer reaction times the isosorbide yield decreases and increasing amounts of unknown products are formed, 33% yield after 300 minutes reaction, while the isosorbide yield decreases to 58%.
From Fig. 5-7 , it is clear that the sorbitol conversion rate increases with increasing temperature. Below 180 1C, the reaction is very slow; above 180 1C the reaction is feasible for a practical process. At 200 1C, after 120 minutes reaction, about 90% sorbitol has been converted. At 220 1C, after 60 minutes essentially full sorbitol conversion is obtained. In the product patterns galactitol is observed, see for instance Fig. 5 . Fig. 8 shows the yields of galactitol for different temperatures. The maximum in the curves strongly suggests a kinetic scheme analogous to the sorbitol reaction scheme. Fig. 9 shows yields representing ''unknown'' products, calculated from the molar balances based on the HPLC diagrams. The amounts strongly increase with increasing temperature. Below 200 1C the amounts formed are negligible. At 220 1C the yields are dramatic, suggesting extensive degradation. Fig. 10 shows the relationship of the product selectivity versus sorbitol conversion at varying temperatures. Each data point refers to a different reaction time. The main reactions are (i) the formation of 1,4 and 3,6-anhydrosorbitols reacting further in high yield with isosorbide and (ii) the formation of 1,5-and 2,5-anhydrides not undergoing further dehydration. At full sorbitol conversion the isosorbide yields upon further conversion can increase (Fig. 10b, 200 1C) or decrease by dominating degradation reactions (Fig. 10c, 220 1C) .
Discussion
The present data concern the ZnCl 2 hydrate without any additives. Apart from technical reasons (convenient in a practical process) the absence of additives greatly facilitates the interpretation of the results.
200 1C seems to be an optimal temperature where the maximal percent yield of isosorbide is >85% on a molar basis (at optimal reaction time). At higher temperature the degradation reactions play an increasing role. The yield found in the present study is lower than that reported in our earlier work. 3 It should be noted that the conditions are different. In the earlier work a high hydrogen pressure was applied and the CuCl 2 co-catalyst was present. Because of the value of the main by-products, 1,5-and 2,5-anhydrides, and the small amount of ''unknown'' formed at 200 1C of this study, at this stage for our system further optimization based on conversion of the mono-anhydrohexitols is not the highest priority.
Reaction pathway
The product distributions suggest a rather simple pathway. ZnCl 2 hydrate medium (70 wt% in water) has a pH of around 1-2. 
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From the literature it is known that acids such as sulphuric acid catalyze this reaction by protonation with an S N 2 mechanism. 19, 30 However, in a ZnCl 2 -H 2 O catalyzed system, the mechanism is different from a mineral acid catalyzed system. In the catalytic reaction a complex is involved of sorbitol and ZnCl 2 -H 2 O. 31 In the first dehydration step two types of monoanhydrosorbitols are formed, the first type (1,4-and 3,6-anhydrosorbitol) reacts sequentially to dianhydrosorbitol (the concentration of these monoanhydrosorbitols goes through a maximum) and the second type (1,5-and 2,5-anhydrides) is stable towards further dehydration (after a period of increasing concentration, a constant concentration level is observed). This observation is corroborated by the molecular modeling study on the sorbitol dehydration reactions. 31 In the reaction pathway sorbitol isomerization (epimerization) into galactitol is included (by a 1,4-ring closure and subsequent 1,4-ring opening). The opposite reaction of galactitol epimerization into sorbitol is, however, not significant. Galactitol and sorbitol are very similar and it is not surprising that they give the same types of products. Double dehydration of galactitol will mainly result in the formation of isoidide. Some experiments starting with galactitol as an initial reactant were performed. The results confirmed the above statements. Besides 1,4-and 3,6-anhydrogalactitols, relatively small amounts of other mono-anhydrohexitols are also formed but not indicated in the reaction pathway. However, since the maximum amount of galactitol observed in this study is only about 6%, in the deconvolution of the HPLC patterns the tiny amounts of products of galactitol were not explicitly accounted for.
Isomerization of isosorbide into isoidide and isomannide is also included in the reaction pathway, because we detected amounts of isoidide and isomannide at higher temperature reactions such as T Z 190 1C, a HPLC pattern is given in Fig. 11 as an example. However, these isomers are not assigned specifically in the evaluation of the different temperature reactions ( Fig. 5-7 ). As shown in Fig. 11 , the isoidide peak overlaps with 1,4-and 3,6-anhydrosorbitol peaks and was counted as 1,4-and 3,6-anhydrosorbitols when we calculated the concentration profiles. In a stability test of pure isosorbide in the reaction medium at 200 1C we found besides degradation also the formation of isoidide and isomannide, confirming the occurrence of isosorbide isomerization.
Based on the observations, a summarized reaction pathway is proposed as below (Fig. 12) .
''Unknown'' elucidations/compositions
The amount of ''unknown'' was calculated by molar balance.
Isosorbide yield decreases when a prolonged reaction time at high temperature (220 1C) was applied. It is reported that isosorbide can be isomerized into isoidide and isomannide: starting with isosorbide in water with a nickel catalyst promoted by Cu at 220 1C and 2 hours reaction, the system ends up with an equilibrium of 35.5% isosorbide, 58.9% isoidide, and 5.7% isomannide. 32 In our experiments we observe significantly slower isomerisation, suggesting that compared with such a system ZnCl 2 stabilizes isosorbide, inhibiting isomerization. As discussed in the Reaction pathway section, isoidide and isomannide were detected in experiments, when isosorbide is used as the reactant. However, the total amount of isoidide and isomannide (o4%) is less than the total isosorbide conversion. Thus, other reactions besides isomerization have to occur, the more so, because some isoidide will originate from the galactitol pathway. Moreover, isosorbide dehydration and perhaps coupled herewith degradation reactions occur. In our analysis some small not assigned peaks are observed (Fig. 11) . These peaks are part of the ''unknowns''. At present we are not able to assign these peaks to a chemical structure.
In our results, at 220 1C, from 90 to 300 minutes, isosorbide weight yield drops from 69% to 58%, ''unknown'' yield increases from 10% to 33%. Thus, isosorbide is involved in the degradation reactions, but it is not the only molecule which is responsible for the unknowns. Also the other products, the anhydrohexitols, exhibit degradation reactions. We tried to analyze the degradation products. By repeated washing and filtering, certain amounts of black solid by-products were collected from the final residue of sorbitol conversion at 220 1C experiments, which proved that a certain amount of (probably) oxygenated carbonaceous by-products exists. Quantification of the amount of solids versus reaction time and temperature is under investigation.
It was decided not to go in further detailed analysis of the chemistry of the degradation reactions but to accept that the reaction temperature has to be low.
Conclusions
The selective dehydration of sorbitol into isosorbide using ZnCl 2 (70 wt% in water) molten salt hydrate as reaction medium was studied; without using any co-catalysts, full conversion of sorbitol with high selectivity to isosorbide (>85% on molar basis) was achieved. The reaction pathway is that of a serial pathway. The 1,4-and 3,6-anhydrosorbitols are further dehydrated into isosorbide, the 1,5-and 2,5-anhydrides are not further dehydrated. Process conditions are optimized, depending on the reaction conditions, isomerization, epimerization and degradation can play a significant and decisive role. Temperature is a crucial factor for the reaction. At low temperature the reaction rate is low, at elevated temperature (over 200 1C) the rate is high but extensive amounts of byproducts are produced.
